AP-MALDI Liquid support matrix Liquid MALDI MALDI MALDI-QTOF Mass spectrometry Multiply charged ions a b s t r a c t Liquid matrix-assisted laser desorption/ionization (MALDI) allows the generation of predominantly multiply charged ions in atmospheric pressure (AP) MALDI ion sources for mass spectrometry (MS) analysis. The charge state distribution of the generated ions and the efficiency of the ion source in generating such ions crucially depend on the desolvation regime of the MALDI plume after desorption in the AP-tovacuum inlet. Both high temperature and a flow regime with increased residence time of the desorbed plume in the desolvation region promote the generation of multiply charged ions. Without such measures the application of an electric ion extraction field significantly increases the ion signal intensity of singly charged species while the detection of multiply charged species is less dependent on the extraction field. In general, optimization of high temperature application facilitates the predominant formation and detection of multiply charged compared to singly charged ion species. In this study an experimental setup and optimization strategy is described for liquid AP-MALDI MS which improves the ionization efficiency of selected ion species up to 14 times. In combination with ion mobility separation, the method allows the detection of multiply charged peptide and protein ions for analyte solution concentrations as low as 2 fmol/lL (0.5 lL, i.e. 1 fmol, deposited on the target) with very low sample consumption in the low nL-range.
Introduction
Matrix-assisted laser desorption/ionization (MALDI) [1, 2] and electrospray ionization (ESI) [3] are key ionization techniques for the analysis of biomolecules by mass spectrometry (MS). The pulsed nature of MALDI makes it more amenable to coupling with axial time-of-flight (TOF) mass analyzers with the ionization event occurring in a high-vacuum region. On the other hand, ESI was developed at atmospheric pressure (AP) and like many other AP sources is coupled to mass analyzers designed for analysis of continuous ion beams, including tandem quadrupole and orthogonal TOF-based systems [3] [4] [5] . Although ion generation at ambient pressure requires efficient ion transportation to the high-vacuum regions of the mass analyzer, the ion source operation at elevated pressures provides more facile coupling of powerful analytical separation techniques such as liquid chromatography, and within the mass spectrometer, gas-phase techniques such as tandem mass spectrometry (MS/MS) [6] and ion mobility [7] separation. In the last few years, there has been an ongoing effort to adapt these developments for MALDI [8] [9] [10] [11] [12] [13] [14] . In 2000, Laiko et al. [15] reported an ion source with a common instrumental platform incorporating both ESI and AP-MALDI ion sources [15] [16] [17] . Recently it was discovered that, under certain conditions, AP-MALDI ion sources generate predominantly multiply charged ions [18] [19] [20] , with similar abundances to those typically generated by ESI.
Multiply charged ions are often more suitable for MS analysis than singly charged. For instance, for microchannel plate (MCP) detectors, which are typically used in TOF MS, the ion-electron yield depends on the impact velocity and energy of the primary ion beam, which in turn depends on the charge and mass value of the ion [21] , typically leading to the discrimination against ions with low charges and/or higher m/z values. In Fourier transform (FT)-based mass analyzers, such as Orbitraps and FT-ICR instruments, the measured analyte ion oscillation frequency depends on the m/z ratio [22, 23] , resulting in higher resolving power for the same acquisition time if the m/z value is lower. Furthermore, many commercial mass spectrometers include radio frequency (RF) ion guides or ion manipulation devices that have a limited m/z transmission range [24] .
Another major advantage of multiply charged ions can be found in their superior fragmentation spectra. According to a number of publications [25] [26] [27] , collision-induced dissociation (CID) fragmentation spectra of doubly charged peptide precursor ions provide different and often enhanced information compared to the spectra obtained by fragmentation of singly charged ions. The recently developed electron-capture dissociation (ECD) [28] and electron-transfer dissociation (ETD) [29] fragmentation methods preserve labile post-translational modifications and therefore provide complementary information to CID. The core of the ECD and ETD fragmentation process involves the capture of an electron by the precursor cation, reducing its charge state. It is therefore a requirement that the precursor ion is at least doubly charged in order to have product ions for detection.
In conventional MALDI, ions are typically singly charged and the process of ion generation is still not fully understood. However, two theories persist: the first is the gas phase protonation model [30] [31] [32] [33] and the second is known as the 'Lucky Survivor' model [34, 35] . The 'Lucky Survivor' model is based on the premise that analyte ions are preformed before ablation, while the gas phase protonation model suggests that neutral analyte molecules are protonated after ablation. Both models agree that gas phase chemistry and particularly the recombination processes with the oppositely charged species during rapid plume expansion play an important role in the ionization process and account for the observed predominantly singly charged ion yield [34, 36] . Frankevich et al. have shown that in conventional MALDI experiments the charge state distribution of the generated analyte ion yield can be shifted to higher charge states by using a dielectric MALDI target plate and low laser fluence [37] . They attributed this shift to a decrease in the ion recombination rate due to a lower number of 'free electrons' in the MALDI plume. However, the proportion of the detected multiply protonated analytes remained inferior to the proportion of the detected singly protonated analytes [37] .
Owing to the similarity of the generated predominantly multiply charged ions in the recently developed laserspray and liquid AP-MALDI approaches to ESI [19, 20] , it has been hypothesized that the ion formation is based on similar mechanisms. In ESI initially highly charged liquid droplets containing analyte molecules are dispersed into the gas phase. These droplets evaporate and undergo Coulomb fission upon reaching the Rayleigh limit. Two main mechanisms were proposed for the next step of gas phase ion generation, namely the charge residue model (CRM) [38] and the ion evaporation model (IEM) [39, 40] . In the CRM solvent droplet fission leads to a charged progeny droplet with one analyte molecule and the ion is released when all the solvent evaporates. In the IEM, when the droplet reaches a certain radius, the applied electric field becomes sufficient to field-desorb charged analytes. Both models predict the ion release on later stages of the droplets evolution with sufficient desolvation being a prerequisite [41] .
A major limitation of all AP ion sources with respect to performance is the loss of ions associated with their transfer into the analyzer's vacuum regions. Extensive research has been carried out to design more efficient interfaces with a particular emphasis on supplying additional energy to the transferred ion plume for both ESI [42] [43] [44] and AP-MALDI [15, [45] [46] [47] . This can play a major role in the desolvation and declustering during the ionization process in ESI [41] and also help in declustering the generated MALDI plume [35] . Another important consideration for the design of an AP interface is the transmission of ions in the ion transfer tube (or capillary) which may be affected by the gas flow regime, transit time and temperature in the transfer region [48] [49] [50] [51] . In this work the influence of desolvation conditions in the ion source and ion transfer region on the detected ion signal from the liquid AP-MALDI ion source is discussed. A new interface design, which allows the optimization of both the flow regime and temperature in the heated ion transfer tube is described, and the transmission biases with respect to the detected charge state similar to what has been previously reported for ESI [52, 53] are discussed.
Materials and methods

MALDI sample preparation
A two-peptide mixture containing [Val] 5 -angiotensin I (SigmaAldrich, Poole, UK) and bradykinin (Sigma-Aldrich) was prepared in water containing 0.1% formic acid (Greyhound, Birkenhead, UK) at concentrations of 50 pmol/lL for the experiments at ambient temperatures, i.e. without external heating, and 10 pmol/lL for the experiments with external heating. In addition, a [Val] 5 -angiotensin I solution was prepared at a concentration of 2 fmol/ lL in water containing 0.1% formic acid for assessing the limit of detection (LOD). Two matrix solutions were prepared using the ]-angiotensin I and bradykinin, respectively. The base peak intensity is shown in the top right corner for each spectrum. same protocol with 2,5-dihydroxybenzoic acid (DHB; SigmaAldrich) being dissolved in 70% acetonitrile at the concentration of 25 mg/mL for the LOD experiment and 100 mg/mL for all other experiments. Each solution was put into an ultrasonic bath for 15 min, and to each 60% of glycerol (Sigma-Aldrich) was added by volume. A pipette tip was used to disrupt the interface between the DHB solution and the glycerol layer in each preparation. Subsequently, the matrix solutions were put again into an ultrasonic bath for 15 min. Finally, an aliquot of 0.5 lL of the analyte solution was spotted with 0.5 lL of the matrix solution and mixed on the MALDI target plate. The spotted droplets were left for 5 min under ambient conditions before MS data acquisition and remained liquid during the entire analysis.
AP-MALDI ion source set-up
A commercial Synapt G2-Si mass spectrometer (Waters Corporation, Wilmslow, United Kingdom) equipped with an AP nanoLockSpray ESI ion source was modified (see Fig. 1 ). The source housing was machined to allow laser beam access, and an additional mounting plate was attached to the instrument housing to provide a platform for a MALDI target plate positioning assembly. This assembly consists of an XY translational stage for the sample positioning and a Z translational stage for adjusting the distance to 3 mm between the target plate and the inlet of a custom-built ion transfer tube that is attached to the normal mass spectrometer inlet. The target plate holder is electrically isolated from the stage assembly by PEEK spacers, and a high voltage potential provided by the instrument's ESI ion source power supply is connected to the stainless steel target plate. Where needed, interlocks are overridden to enable the operation of the mass spectrometer with the custom-made source. (Please note that local H&S requirements, e.g. regarding laser safety and risk assessments, have to be satisfied as it was the case for this study.) An optical breadboard is mounted on top of the instrument to accommodate a 337 nm nitrogen laser (MNL 103 LD; LTB Lasertechnik GmbH, Berlin, Germany), typically operating at 10 Hz with a maximum pulse energy of 100 lJ and pulse width of 3 ns. A neutral density filter is used to moderate the laser pulse energy. The laser beam is guided by mirrors to the target plate in reflection geometry. Final focusing and steering of the laser beam is done by a lens with 150 mm focal length and a mirror located between the lens and the target plate. The position of the mirror provides the smallest practically possible laser beam incidence angle on the target of approximately 30°. As the alignment of the laser desorption spot with the ion transfer tube axis is important, the described system was designed to preserve this alignment during spot size adjustment. High shot-to-shot reproducibility of the MS ion signal intensity from the liquid MALDI samples allows accurate optimization of the laser spot size and X-Y position.
AP-to-vacuum interface
For the AP-to-vacuum interface, the standard sample cone assembly attached to the ion block of the commercial ESI ion source is replaced with a custom-made cone adaptor, to which a 60 mm-long interchangeable ion transfer tube with an inner diameter of 1 mm is attached (see Fig. 1 ). To promote cluster desolvation the ion transfer tube is resistively heated with a NiCr wire, which is powered by a low-voltage DC power supply (0-5 A, 0-30 V) and has a resistance of 6 X. The wire is electrically insulated from the ion transfer tube by a layer of high temperature Manchester, UK) and evenly wound over its entire length. A second layer of high temperature cement is used to fix the wire and to embed a K-type thermocouple with a diameter of 0.25 mm (5SRTC-GG-KI-30-1M; Omega Engineering Ltd). This thermocouple is used to monitor the wall temperature of the ion transfer tube. For the temperature measurements inside the ion transfer tube a second K-type thermocouple (5SRTC-GG-KI-30-1M) was inserted 30 mm deep inside the heated region of the tube. In order to minimize the footprint of the thermocouple placed inside the ion transfer tube its electrical insulation layer was removed, reducing its influence on the gas flow. The above set-up did not allow determination of the exact position where the temperature was measured in the ion transfer tube but provided a mean temperature of the gas flow around the thermocouple. The cone adapter holds the inner cone with a 0.8 mm orifice, which separates the heated ion transfer region from the first pumping stage. The standard ion block is further equipped with a port for nitrogen gas ('Cone Gas') which is introduced at ambient temperature with a controllable gas flow to stabilize the ESI spray plume. In this arrangement, the gas is directed into the exit region of the ion transfer tube and effectively reduces the plume/gas flow within and towards the entry of the ion transfer tube. A schematic of the interface modifications as well as the optimum experimental conditions for the detection of multiply protonated peptides in liquid AP-MALDI MS experiments using this modified Synapt G2-Si mass spectrometer are shown in Fig. 1. 
MS data acquisition
All data were acquired in ESI mode with all API gases apart from the 'Cone Gas' being turned off. The 'Sampling Cone' and 'Source Offset' parameter values were set to 40 V and 80 V, respectively. For ion mobility experiments, the drift time in the ion mobility separation cell was recorded using default parameter settings (IMS Wave Velocity: 650 m/s; IMS Wave Height: 40.0 V). The ion block temperature in all experiments was set to 80°C unless otherwise mentioned. The m/z range for all data acquisitions was set to 100-2000. Measurements were partially automated using Waters Research Enabled Software (WREnS). This software was used to run a script, which sets certain instrumental parameters for specific acquisition scans. Ion signal intensities and their dependencies on parameters such as target plate potential and counter flow were investigated. Unless mentioned otherwise data points acquired for such dependencies were averaged over 30 scans with the scan duration set to 1 s. One sample spot was used to acquire automatically 7 and 9 data points for the dependency of the ion signal intensity on counter gas flow and target plate potential, respectively.
MS data processing
All data files were converted to the mzML data format using the msconvert utility from the ProteoWizard software package (version 3.0.6893) [54] . In-house developed software based on the Batmass software package (version 0.0.4) [55] was used to automatically extract the integrated ion intensities of interest from the converted data files. Prior to the extraction of multiply charged ion signals, singly charged ion signals were filtered out using the software Driftscope (version 2.6; Waters). All spectra were centroided with the automatic peak detection option of the MassLynx software (version 4.1; Waters).
Results and discussion
Generation of multiply protonated molecules without heating the ion transfer tube
Given that the standard commercial AP-ESI ionization interface sufficiently desolvates and declusters electrospray plumes, initial testing was undertaken for the detection of multiply charged analytes using a liquid AP-MALDI target assembly without the ion transfer tube attached to the modified cone assembly. In these experiments it was observed that changing the ion block temperature setting from the minimum of 30°C to the maximum of 150°C did not significantly change the detected analyte ion signal, which predominantly consisted of singly protonated species. This and the observed high LOD in the low picomole range were in contrast to previously reported results [20] , where the detected analyte ion signal predominantly represented multiply charged species and was strongly dependent on the desolvation temperature. This suggests that the desolvation capabilities of the unmodified commercial AP-ESI ionization interface were insufficient for liquid To study this phenomenon further, a set of experiments was carried out under the same experimental conditions, varying only the applied target potential and the distance between the ion transfer tube and target plate. For these experiments, the ion transfer tube heating was turned off and the ion block temperature was set to 30°C to ensure that no additional heat is provided during the travel of the MALDI plume to the inlet of the mass analyzer. An amount of 25 pmol of [Val 5 ]-angiotensin I and bradykinin each was spotted on the target. The laser energy was set to its maximum of 100 lJ and the laser beam was focused on the target to a spot size diameter of approximately 200-300 lm in order to obtain the highest signal intensity. In Fig. 2 mass spectra are shown that were acquired under optimal conditions for the detection of multiply protonated analytes ( Fig. 2a; no extraction field and a distance of 9 mm between the ion transfer tube and target plate) and for the detection of singly protonated analytes ( Fig. 2b ; extraction potential difference of 4 kV and a distance of 3 mm between the ion transfer tube and target plate) without the application of post-acquisition ion filtering using the information obtained by ion mobility. Interestingly, the multiply protonated analyte signal intensities of the former are two orders of magnitude lower than the singly protonated analyte signal intensities of the latter. However, if elimination of singly charged ion signal by ion mobility filtering is applied to the latter (Fig. 2c) , it can be seen that the absolute signal intensities of multiply protonated analytes are similar to the intensities that were obtained under optimal conditions without ion mobility filtering (Fig. 2a) albeit with a noticeable intensity shift from the triply protonated to the doubly protonated species. As all spectra were acquired under the same conditions apart from the extraction potential and distance between the ion transfer tube and target plate, these data suggest that there are different parameters and processes involved in the generation of singly protonated compared to multiply protonated analytes. Similar results were previously reported for laserspray ionization [56] , suggesting that both share essential steps of the ionization process as well as a clear difference between the ion formation of MALDI-like singly protonated and ESI-like multiply protonated species.
Other data revealed that the ion signal of singly protonated peptides increases by up to four orders of magnitude with an increasing extraction field while only a slight or no increase was obtained for multiply protonated analytes. For instance, for a distance of 3 mm between the ion transfer tube and target plate, the signal intensities of both singly protonated bradykinin and singly protonated [Val 5 ]-angiotensin I substantially increased with the extraction potential/field, while the intensities of the doubly protonated species only slightly increased and virtually not at all for the triply protonated [Val 5 ]-angiotensin I (Fig. 3a) . These data support the hypothesis that the ion formation of the different charge states proceeds via different mechanisms and possibly occurs in different places. In particular, it supports the hypothesis that singly protonated molecules are formed by conventional MALDI mechanisms at the very early stages of the MALDI plume close to the target and therefore well within the ion extraction field. In this case higher extraction fields could prevent ion recombination and improve the efficient collection of the generated molecular ions towards the mass spectrometer inlet. Multiply protonated species on the other hand could be predominantly generated from the ablated charged droplets via ESI-like mechanisms with the analyte ion liberation occurring later in the (field-free) region of the ion transfer tube.
Additional data obtained from changing the extraction field by changing the distance between the ion transfer tube and target plate at constant extraction potential further substantiate the above observations (Fig. 3b) . Interestingly, the intensity of the triply protonated [Val 5 ]-angiotensin I species slightly increases with increasing distance contrary to the anticipated decrease due to less efficient sampling (or lower ion extraction field). Such behaviour can be explained by the increased travel distance and transit time facilitating the droplets desolvation.
Generation of multiply protonated analytes with heating of the ion transfer tube
Heated ion transfer tubes (capillaries) are often used to promote desolvation of the desorbed clusters and droplets, thus supporting the efficient generation of molecular analyte ions [44, 57] . The desolvation efficiency in such ion transfer tubes depends on the temperature and cluster/droplet residence time in the heated region.
Both temperature and cluster/droplet residence time are affected by the gas flow rate. High flow rates provide more efficient cooling of the tube's wall temperature. Moreover, due to insufficient time for reaching thermal equilibrium the gas temperature inside the ion transfer tube may be sufficiently cooler than the tube's wall temperature, depending on the geometry of the tube and heated area and the flow speed. The cluster/droplet residence time inside the ion transfer tube also depends on the gas flow velocity, and on the initial ion or droplet velocity, which is affected by the geometry and electrical fields of the ion source. Therefore, to build an efficient desolvation device the above parameters need to be carefully considered. The gas flow values are predicated by the geometry of the ion transfer tube, i.e. by its inner diameter, the size of the inlet and exit apertures, and its length. By varying these parameters the residence time and the gas temperature distribution inside the ion Fig. 6 . Analyte ion signal enhancements in liquid AP-MALDI MS achieved by optimizing two parameters, the counter gas flow and heating power, compared to just one parameter, the heating power. The same raw data used for Fig. 5 (including data for bradykinin) were further analyzed by dividing the highest analyte ion signal intensity from the entire data set by the highest analyte ion signal intensity from the data obtained for no counter flow. A and B denote [Val 5 ]-angiotensin I and bradykinin, respectively. transfer tube may be adjusted. However, such adjustments require hardware modification and are therefore difficult to optimize and unsuitable for ad hoc tuning. The other possibility to adjust the gas flow velocity is to control the pressure at the ion transfer tube's exit, e.g. by introducing a counter gas flow. The latter can be achieved by infusing gas between the exit of the heated region/ ion transfer tube and the inlet to the mass spectrometer as shown in Fig. 1 . Such a set-up allows the partial optimization of the desolvation conditions and was applied in the following experiments.
The counter gas flow used was variable and at higher values able to reverse the direction of the flow inside the ion transfer tube, preventing any ions from the ion source to reach the mass analyzer. At a software-set value of 265 L/h for the counter gas infusion, ion signals disappeared in experiments where ions were generated by thermal ionization in the overheated ion transfer tube, which generally provided a very stable ion signal under normal conditions (i.e. counter gas flow sufficiently below this threshold value). Thus, it can be assumed that at this value the counter gas flow resulted in zero gas flow in the ion transfer tube. In addition, analyte ion signals simultaneously measured in these experiments also disappeared at this threshold flow. Therefore, this value can be taken as a reasonable upper limit for good ion transmission without incurring losses due to reversed gas flow.
As the ion transfer tube wall temperature and the temperature inside the ion transfer tube depend on the gas flow, the effect of gas flow on the gas and tube temperature was measured and correlated against the observed analyte ion signal. For this investigation the heating power applied to the NiCr wire was varied between 0 W and 60 W in steps of 10 W, and the counter flow was varied in the range of 0-252 L/h in steps of 42 L/h. Each measurement series was started with the largest counter flow value of 252 L/h and the ion transfer tube was conditioned for 2 min before the data were acquired, ensuring that the temperature reached equilibrium. The counter flow gas value was then sequentially dropped and the ion transfer tube was left for at least 1 min before each single temperature measurement was undertaken. A total of 20 data points with a sampling rate of 1 acquisition per second were averaged for each gas flow-heating power setting.
While the measurements of the ion transfer tube wall temperature arguably provided fairly accurate values, the measurements of the temperature inside the ion transfer tube were less accurate owing to the influence of the thermocouple on the gas flow and the difficulty in determining its exact location in the ion transfer tube. However, as the position of the thermocouple inside the ion transfer tube was not changed throughout an experiment, the measured temperature values can at least provide a trend of the temperature dependency on the applied heat and gas flow.
In Fig. 4 , the measured values of the wall temperature and temperature inside the ion transfer tube are shown for the various heating power and counter flow settings. The right columns in both plots represent the flow conditions close to zero (stationary) flow. From the data it can be seen that both the wall temperature and the inner temperature significantly and monotonically decrease with a decrease in the heating power. Both temperatures also similarly decrease with an increase in counter flow, i.e. a decrease in gas flow in the ion transfer tube, though with a slower relative rate for the outside wall temperature and the exception of the temperatures at 0 W heating power.
Using the above set-up the analyte ion charge state was then studied with respect to its dependency on the desolvation conditions. A liquid MALDI sample with 5 pmol of each [Val 5 ]-angiotensin I and bradykinin was loaded on the target. The laser energy was attenuated to 16 lJ and the laser beam was focused to a diameter of approximately 100-150 lm. The target plate potential was set to 3 kV and the distance between the ion transfer tube and target plate was 3 mm.
In Fig. 5 , intensity maps are shown for singly, doubly and triply protonated [Val 5 ]-angiotensin I species. For all analyte ion species the greatest signal intensities are not found at the highest heating power or the highest counter flow, i.e. lowest gas flow in the transfer tube towards the mass analyzer. Also, the highest signal intensities for singly protonated analytes can be found at higher counter flows and higher heating power compared to the doubly and triply protonated analytes. Ignoring the data obtained from the conditions close to zero flow (i.e. counter flow of 252 L/h), it can be seen that for the singly protonated species the difference in signal intensity is around two orders of magnitude between the lowest and highest values while for the triply protonated molecules this difference is an order of magnitude greater. Importantly, from these three-dimensional plots it can be easily seen that there is a clear difference in optimal temperature and residence time in the ion transfer region for the detection of singly protonated analytes compared to doubly and triply protonated species. According to this data, higher charge state ions require a cooler environment for efficient molecular ion generation and transmission. A similar behaviour was observed in ESI, and a model explaining such behaviour was proposed [52, 53] . Arguably, this difference can be explained by the higher mobility of multiply protonated species once liberated from the cluster/droplet, accelerating these ion species due to their greater charge much faster to the ion transfer tube wall where they will be lost. Thus, residence times in the ion transfer tube need to be shorter for multiply protonated molecules compared to singly protonated molecules if the same relative ion transmission is to be achieved. The lower abundance of higher protonated molecules at higher temperatures might also be explained through proton loss and more efficient fragmentation of the higher protonated species owing to additional Coulomb repulsion as a result of thermal activation via CID with the entrainment gas or through surface-induced dissociation (SID) at the wall of the ion transfer tube [58, 59] .
In agreement with other studies [19, 20] , the ion signal intensities for all counter gas flow values at 0 W heating power are higher for singly than for multiply protonated angiotensin molecules (apart from the intensity at the counter gas flow of 252 L/h -vide supra). This in combination with the much slower increase in ion signal intensity of the singly protonated species with heating power is also in agreement with the previously reported relative signal intensity change to predominantly multiply charged species with an increase in temperature of the ion transfer region [20] . This behaviour was particularly well observed at counter gas flow rates between 100 and 200 L/h, which led to gas flow velocities that probably reflect best the gas flow velocity of a previously used ion source geometry by Cramer et al. [20] where the inner diameter of the ion transfer tube is twice as large as the one in these experiments. Supplemental Fig. 1 shows this change for the counter gas flows of 126, 168 and 210 L/h using the spectra obtained at a heating power of 0 W and 20 W, which results in a similar wall temperature of the ion transfer tube (200-300°C) as employed by Cramer et al. [20] .
However, in general it was found that larger inner diameters of the ion transfer tube resulted in slightly lower absolute analyte ion yields and were therefore not further pursued. It is worth noting that other changes of the ion source geometry also led to significant shifts in the relative ion signal intensities as can be seen by the example of changing the restriction cone orifice (cf. Fig. 1 ) from 0.8 mm to 0.5 mm or 0.67 mm (see Supplemental Figs. 2 and 3) .
Overall, these data reveal the importance of other parameters than just the temperature in the ion transfer region for achieving optimal detection of multiply protonated analytes in liquid MALDI MS. Although the ion yield of singly protonated species can also be further optimized by adjusting the (counter) gas flow, it is clear that the greater effect of gas flow optimization can be seen for the ion yield of multiply protonated species. Fig. 6 demonstrates the differences in ion signal enhancement for the various ion species when both heating power and gas flow are optimized compared to heating power alone. For this figure, the same raw data used for Fig. 5 was further analyzed by dividing the highest ion signal intensity from the entire data set by the highest ion signal intensity from the data obtained for no counter flow (cf. first column of the heat maps in Fig. 5) , which represent the data points for the situation of optimizing the ion yield by adjusting only the ion transfer tube wall temperature. As can be seen in Fig. 6 the highest gain is obtained for the multiply protonated species.
The above data further supports the hypothesis that the formation of singly protonated species is distinctly different to the generation of multiply protonated molecules. The latter may be generated solely through an ESI-like droplet desolvation/evaporation process predominantly in the heated ion transfer region. Thus, a more uniform heat distribution as well as less turbulent flow regime may help to promote a more spatially (optimally) confined release of the analyte ions in the tube, and therefore, these ions could become less prone to the losses on the wall of the ion transfer tube.
For optimum sensitivity it has also been found that lowering the amount of DHB in the liquid MALDI sample as well as operating the laser just above the ionization threshold increases the signal-tonoise level (data not shown). Fig. 7 shows a representative spectrum of 1 fmol of [Val 5 ]-angiotensin I acquired at heating power and counter gas flow values optimal for the sensitive detection of multiply protonated analytes. For this acquisition the liquid matrix was prepared with 25 mg/mL DHB and 60% glycerol addition as described earlier. The laser energy was attenuated to 8.35 lJ and the laser spot size was 100-150 lm. The gap between the ion transfer tube and the target plate was 3 mm and the applied potential was 4 kV. The data was acquired with drift time recording enabled and the singly charged ion signals were filtered out from the spectrum. Further information about the data supporting these results and requests for access to the data can be directed to the corresponding author.
Conclusions
This study shows that MS ion source parameters play a significant role for the efficient generation and detection of multiply protonated analytes in liquid AP-MALDI MS. The differences in response to parameter changes between singly and multiply protonated analytes support the hypothesis that singly protonated molecules are predominantly produced by classical MALDI processes earlier in time and closer to the sample surface while multiply protonated molecules are rather produced by ESI-like processes, and therefore more dependent on parameter changes further in the ionization interface/ion transfer region. However, the acquired data also show that the desolvation conditions are significantly different to those typically applied to nano-ESI plumes. As such an additional heated region provides a significant improvement in the ion source performance for the generation of multiply protonated analytes by liquid MALDI MS. Our initial optimization studies show that for the ion source geometries tested it was beneficial to control the flow regime in the heated ion transfer region. Optimization of the applied heat and flow conditions inside the heated ion transfer region resulted in an ion yield gain of up to 14 times based on the detected signal intensity for multiply protonated peptides.
